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Abstract. The physical structure of polar ﬁrn plays a key
role in the mechanisms by which glaciers and ice sheets pre-
serve a natural archive of past atmospheric composition. This
study presents the ﬁrst measurements of gas diffusivity and
permeability along with microstructural information mea-
sured from the near-surface ﬁrn through the ﬁrn column to
pore close-off. Both ﬁne- and coarse-grained ﬁrn from Sum-
mit, Greenland are included in this study to investigate the
variability in ﬁrn caused by seasonal and storm-event layer-
ing. Our measurements reveal that the porosity of ﬁrn (de-
rived from density) is insufﬁcient to describe the full pro-
ﬁles of diffusivity and permeability, particularly at porosity
values above 0.5. Thus, even a model that could perfectly
predict the density proﬁle would be insufﬁcient for applica-
tion to issues involving gas transport. The measured diffu-
sivity proﬁle presented here is compared to two diffusivity
proﬁles modeled from ﬁrn air measurements from Summit.
Because of differences in scale and in ﬁrn processes between
the true ﬁeld situation, ﬁrn modeling, and laboratory mea-
surements, the results follow a similar overall pattern but do
not align; our results constitute a lower bound on diffusive
transport. In comparing our measurements of both diffusiv-
ity and permeability to previous parameterizations from nu-
merical3-Dlattice-Boltzmannmodeling,itisevidentthatthe
previous relationships to porosity are likely site-speciﬁc. We
present parameterizations relating diffusivity and permeabil-
ity to porosity as a possible tool, though use of direct mea-
surements would be far more accurate when feasible. The re-
lationships between gas transport properties and microstruc-
tural properties are characterized and compared to existing
relationshipsforgeneralporousmedia,speciﬁcallytheKatz–
Thompson (KT), Kozeny–Carman (KC), and Archie’s law
approximations. While those approximations can capture the
general trend of gas transport relationships, they result in
high errors for individual samples and fail to fully describe
ﬁrn variability, particularly the differences between coarse-
and ﬁne-grained ﬁrn. We present a direct power law relation-
ship between permeability and gas diffusivity based on our
co-located measurements; further research will indicate if
this type of relationship is site-speciﬁc. This set of measure-
ments and relationships contributes a unique starting point
for future investigations in developing more physically based
models of ﬁrn gas transport.
1 Introduction
Firn is a complex porous material, comprised of aged snow
more than one year old. It separates the atmosphere from the
underlyingsolidglacialicewhicharchivesauniquerecordof
atmospheric history. In dry-snow zones, the ﬁrn comprises
approximately 60 to 120m of depth in the top of the polar
ice sheets. While ﬁrn initiates as snow on the surface, the
pore space of the ﬁrn becomes increasingly compacted with
depth due to overburden pressure, metamorphism, and sin-
tering. With this increasing compaction, the interconnected
pore space ultimately becomes transformed into individual
bubbles of air. Samples of the ancient atmosphere stored in
these bubbles can provide insight into past climate (e.g., Nef-
tel et al., 1982; Raynaud et al., 1993; Blunier and Brook,
2001). Because the air diffuses through the open pore space
more rapidly than the snow turns to bubbly ice, the age of
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the ice and the age of the air inside the bubbles at a given
depth is not the same (Schwander et al., 1993). Furthermore,
this age difference is actually represented by a distribution
and not a discrete number because of the smoothing effects
of diffusive gas transport near pore close-off (Spahni et al.,
2003). These attenuation effects as well as the age difference
between ice and air have important implications for inter-
preting ice core records, particularly with respect to leads
and lags between climate proxy information in the ice and
atmospheric gas records in the bubbles. However, there re-
main many uncertainties in constraining the effects of these
processes because of the complexities of ﬁrn air transport
(Brook, 2013; Trudinger et al., 2013).
An important factor in understanding the ﬁrn record of
past atmospheric composition is an understanding of the im-
pactofthelayeredphysicalstructureofﬁrnongasmovement
through the ﬁrn column. Two of the physical properties of in-
terest are effective gas diffusivity and permeability. Several
studies have investigated these important gas transport met-
rics of ﬁrn in the past. Albert and Shultz (2002) conducted
ﬁeld measurements of SF6 diffusivity in the surface wind-
packlayeratSummitusinganinsitutechniquedevelopedfor
air–snow transfer applications. Schwander et al. (1988) and
Fabre et al. (2000) made laboratory measurements of ﬁrn dif-
fusivity using an elution peak technique. Adolph and Albert
(2013) designed and veriﬁed a different technique for direct
measurements of the gas diffusivity of ﬁrn; this technique
is based on the measurement of purely diffusive transport,
instead of extrapolation from convective transport measure-
ments. Laboratory measurements of permeability have been
made in ﬁrn, though none down through pore close-off (e.g.,
Albert et al., 2000; Rick and Albert, 2004; Courville et al.,
2007; Hörhold et al., 2009). Additionally, lattice-Boltzmann
modeling informed by 3-D microstructural reconstructions
of ﬁrn have been used to investigate gas diffusivity and per-
meability in ﬁrn (Freitag et al., 2002; Courville et al., 2010).
This study presents the ﬁrst collection of co-located gas
diffusivity, permeability, and microstructural measurements
made on the same samples from the ﬁrn column from near
surface through pore close-off. The results are compared to
theworkthathasbeendonetocharacterizethephysicalprop-
erties of ﬁrn, described above. This unique set of measure-
ments also allows for a comparison to studies of the nature
of gas transport through general porous materials. The Katz–
Thompson approximation, Kozeny–Carman approximation,
and Archie’s law are all used to investigate how ﬁrn com-
pares to idealized porous media. Understanding these rela-
tionships can lay the foundation for parameterizing gas trans-
port properties in a way that could improve ﬁrn gas trans-
port modeling. Additionally, understanding the relationships
between gas transport and microstructure may illuminate in-
stances where generalized parameterizations might fall short.
2 Methods
2.1 Firn samples and site location
This study focuses on ﬁrn from the top 85m of the ice sheet
at Summit, Greenland. In the 2007 ﬁeld season a ﬁrn core
was extracted, and it has remained in storage at −29 ◦C at
the Cold Regions Research and Engineering Laboratory in
Hanover, NH. Density and permeability measurements were
made on the full ﬁrn core shortly after collection, and then
again on select samples used in this study in 2012. On aver-
age, the difference in density between the two measurements
was−1.5%,whichiswithintheerrorofthedensitymeasure-
ments. The maximum density differences occurred on frag-
ile pieces that had become damaged with repeated handling.
Aside from the complete proﬁles of permeability and density
(Figs. 1 and 2), all measurements in this study were made
within a several month time span, and permeability and den-
sity on the selected samples were remeasured in this same
window. Due to the short time frame of laboratory measure-
ments, and the fact that measurable differences did not oc-
cur over the multiyear-long storage, the results are consistent
and can reliably be compared to one another without con-
sidering the effects of metamorphism occurring during stor-
age. The relationships developed between parameters con-
sidered in this study are derived from measurements which
are co-located both physically and temporally.
The ﬁrn core is approximately 8cm in diameter, and it
has been cut into lengths ranging from 2 to 12cm, based
on stratigraphy. Visual inspection of ﬁrn core samples on a
backlit table enabled characterization of layering in the core
on a gradual scale from coarse-grained to ﬁne-grained. Some
samples are single layers which are homogeneous in their
grain size, while others contain multiple layers of ﬁrn. The
ﬁrn air campaign completed at Summit during the year that
this core was collected found that the lock-in zone started
at 69m depth, and the lock-in depth occurred at 80m (Faïn
et al., 2009), so the samples in the present study represent
the full ﬁrn column from near surface down through the pore
close-off depth.
2.2 Porosity
The density of each ﬁrn sample was determined using a dig-
ital balance (instrument error: ±0.01g) and dial calipers (in-
strument error: ±0.001cm) for mass and volume determina-
tion. Total porosity is then calculated as φ = 1−ρ(z)/ρice,
where ρ(z) is the density of the ﬁrn sample at a depth z, and
pice is the density of pure ice. Any nonuniformity in the ge-
ometry of the sample can lead to errors in density (and sub-
sequent porosity) measurement. These geometric discrepan-
cies, if present, are typically one millimeter or less. In the
case of the smallest possible sample (2cm in height and
8cm in diameter), with a maximum variability in geometry
(±0.1cm for height, ±0.05cm for diameter), the volumetric
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calculation could be off by up to 6.3%. This would represent
the most extreme error and is not representative of typical
error.
In the study of gas transport, it is often only the open
porosity that is relevant to processes under investigation.
Open porosity is not trivial to measure directly, so param-
eterizations such as those developed by Schwander (1989) or
Goujon et al. (2003) are often used to approximate the open
porosity, which can be calculated as φo = φ−φc, where φc is
the closed porosity. We approximated closed porosity using
the Schwander (1989) empirical relationship as follows:
φc =
(
φ exp
h
75∗

ρ(z)
ρco −1
i
, 0 < ρ(z) < ρco
φ , ρ(z) ≥ ρco
, (1)
where ρ(z) is the density of the ﬁrn sample, and ρco is the
density of the ﬁrn at pore close-off depth. Recent work has
shown that close-off depth typically does not actually occur
at a single density, but over a range of densities depending on
ﬁrn grain sizes (Gregory et al., 2014). However, for the pur-
pose of the Schwander parameterization, the close-off den-
sity is estimated from the Martinerie et al. (1994) parame-
terization, which yields a value of 0.823gcm−3 at Summit
conditions.
This approximation only signiﬁcantly affects the samples
whose total porosity is less than 0.2. When considering the
subset of samples that were used for diffusivity measure-
ments, only 5 of the 46 selected samples have a signiﬁcant
closed porosity. For analyses which only include these sam-
ples, the Schwander approximation will not be used. We will
instead present our results in terms of total porosity, with the
knowledge that using open porosity instead would not signif-
icantly change the outcomes of our analyses but would add
unnecessary assumptions about pore close-off mechanics. In
cases where all samples from the entire ﬁrn core are con-
sidered, the Schwander approximation will be implemented,
as a signiﬁcant number of samples have measurable closed
porosity. Throughout the text, a distinction will be made to
note when the Schwander approximation for open porosity
is used and what effect it has on the analysis.
2.3 Gas diffusivity measurement
Gas diffusivity is a gas transport metric related to Fick’s laws
of diffusion describing the transport of particles as a result
of concentration gradients. Gas diffusivity was measured on
selected ﬁrn samples using a technique design for use on ﬁrn
cores that has been validated on glass beads (Adolph and Al-
bert, 2013). SF6 was used as the diffusing gas in the mea-
surements because it is inert, and thus the results will only be
affected by the geometrical properties of the ﬁrn, and not by
any chemical interactions or sorption. For the measurements,
the ﬁrn sample is placed in a sealed holder which is attached
to a closed chamber on each side. SF6 is injected into the ini-
tial chamber and then allowed to diffuse through the sample
and into the exit chamber over time. Concentration is moni-
tored in the initial chamber, and the proﬁle of concentration
over time is used to determine the diffusivity using a numer-
ical solution for Fick’s second law of diffusion:
∂c
∂t
= Df
∂2c
∂z2, (2)
where c is the gas concentration, t represents time, Df is the
diffusivity of the ﬁrn sample, and z is the position in the
ﬁrn. The SF6 concentrations are measured using a Lagus Ap-
plied Technology Autotrac 101 gas chromatograph. Diffusiv-
ity measurements were made on 46 ﬁrn core samples from
depths in the ice sheet that ranged between 1.7 and 70.7m.
Samples were determined to be homogeneous by inspection
on a backlit table, and grain size in the layers were character-
ized on a scale from ﬁne- to coarse-grained. Based on seven
repeated experiments on one glass bead sample, the standard
deviation of the measurements was 13%. Possible sources
of error include incomplete mixing in end chambers, errors
of the gas chromatograph (±0.3% of the measured concen-
tration, as stated by manufacturer), or errors in the timing of
sample extraction (less than 5s).
2.4 Permeability measurement
Permeability is deﬁned in Darcy’s law as the factor relating
air ﬂow velocity resulting from a pressure differential across
a porous medium as follows:
v =
k
µ
dP
dz
, (3)
where k is permeability, v is the air ﬂow velocity, µ is the
dynamic viscosity, and P is the pressure. Permeability was
measured on each ﬁrn sample from the entire ﬁrn core, from
the surface down to 90m depth. It is measured along the ver-
tical axis of the core samples, which ranged in height from 2
to 12cm. To determine permeability, the ﬁrn sample is sub-
jected to a variety of different ﬂow velocities, and at each
distinct ﬂow velocity the pressure differential across the sam-
ple is measured. For ﬂows in the linear range, the perme-
ability is calculated from Darcy’s law using the measured air
ﬂow rate, pressure drop, temperature, and barometric pres-
sure (Albert et al., 2000). For each sample, 5–10 measure-
ments are made at different ﬂow velocities, and mean values
are reported. Differences in these replicate measurements on
the same sample are less than 5% in ﬁrn above 50m and less
than 10% in ﬁrn below 50m. Based on 10 repeated mea-
surements on different samples of ﬁrn from the same layer
in the ﬁeld, the error of the measurement as an indicator of
layer permeability is less than 10%. The lowest measurable
permeability is 0.01×10−10 m2; therefore in this study, any
sample with permeability below that value is considered im-
permeable.
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2.5 Microstructural properties
Of the select ﬁrn samples, 18 ﬁne-grained samples and 11
coarse-grained samples were imaged using a Skyscan 1172
microCT scanner in a temperature-controlled room held at
−12 ◦C. A microfocus X-ray tube provides a ﬁxed source
(40kV and 250µA) as the ﬁrn sample is rotated in 0.7◦ steps
to complete 180◦ of rotation. This creates a series of shad-
owed vertical images with a pixel size of 14.8µm which are
then compiled using NReconn software to generate a stack
of horizontal images in greyscale. Because the ice phase and
the air phase of the ﬁrn structure have such different atten-
uation coefﬁcients, a constant threshold separating the ice
phase from the air phase was used to divide the 256 bits
of greyscale: 0–89 for the ice phase and 90–256 for the
air phase. Artifacts smaller than 25 voxels (a 3-dimensional
pixel) are removed using the CTAn software. The samples
used for imaging were 1cm×1 cm×1.5cm in size, and to
reduce edge effects, only the inner 0.7cm×0.7cm×1cm
are used in the analysis. The microCT provides a 3-D image
of the ﬁrn and the pores, and a number of physical param-
eters are calculated from the image data which describe the
microstructure of the ﬁrn. The parameters of interest are the
speciﬁc surface area (SSA) and the average circular equiv-
alent diameter (deq). The SSA is a ratio of the surface area
of the pores (S) to the total volume of the ﬁrn sample (Vp);
this can indicate the complexity of the ﬁrn (Lomonaco et al.,
2011). deq is calculated on 2-D slices as the diameter of a cir-
cle that has the equivalent area to a given pore. The average
for each of the samples imaged is taken for all of the pores in
that sample. Though this parameter is not traditionally used
in gas transport applications, it provides an unbiased charac-
teristic size of the pore space.
3 Results and discussion
3.1 Gas diffusivity and permeability proﬁles
Figure 1 shows the proﬁles of permeability and normal-
ized gas diffusivity as a function of density. For reference,
the density proﬁle made on the same pieces of the ﬁrn is
shown in Fig. 2. The measured permeability on samples be-
tween the surface and 85m depth ranged from imperme-
able in the deepest parts of the ﬁrn to 177×10−10 m2 sev-
eral meters below the snow–air interface. The general shape
of the permeability proﬁle is the same as measured in the
top ten meters on a different shallow core from Summit in
an earlier study (Albert and Shultz, 2002). The maximum
permeability occurs below the ﬁrn surface due to the post-
depositional metamorphism on aged ﬁrn and the lower per-
meability of the more recent windpack surface layers (Albert
and Shultz, 2002). Gas diffusivity results were normalized by
dividing the measured gas diffusivity of the ﬁrn sample (Df)
by the free-air diffusivity of SF6 at experimental temper-
Fig. 1. Normalized diffusivity and permeability vs. density for dis-
crete ﬁrn samples from Summit, Greenland. Grey diamonds indi-
cate samples which were determined to be impermeable. Diffusiv-
ity error bars show 13% error, estimated from repeat measurements
on a single sample. Permeability error bars show approximately 5%
error above 50m and 10% error below 50m.
ature and pressure conditions (T =260K, P =1000mbar,
Da =0.0836cm2 s−1) (Matsunaga et al., 2002). The normal-
ized results ranged from 0.02 in the deep lock-in zone of the
ﬁrn to 0.58 in near-surface ﬁrn. Using a different in situ mea-
surement device, Albert and Shultz (2002) determined the
normalized diffusivities of near-surface windpacked snow to
be 0.57 and 0.64, which are comparable to our near-surface
ﬁrn measurements.
As seen in Fig. 1, density is not a clear indicator of ei-
ther diffusivity or permeability, as a given density could cor-
respond to a range of values for diffusivity or permeability.
Each obeys a general trend with depth caused by increas-
ingly limited pore space due to ﬁrn compaction. Density gen-
erally increases with depth while permeability and diffusiv-
ity decrease; however, layering in ﬁrn and post-depositional
metamorphism cause measurable variations from these gen-
eral trends. The variability of density caused by layering and
heterogeneity in the ﬁrn cannot fully describe the variabil-
ity in the permeability and diffusivity measurements. Density
is deﬁned as mass per unit volume, but it does not provide
any information about the arrangement of the mass within
that volume, which is critical to rates of interstitial gas trans-
port. Overall, the diffusivity proﬁle does not exhibit the same
shape as the permeability proﬁle, indicating that these two
parameters do not have a constant linear relationship, and
that these two gas transport metrics are dependent, to some
extent, on different microstructural properties. While ﬁrn
permeabilitymeasurementsonasinglesampletakeontheor-
der of 10min, gas diffusivity measurements take on the order
of 3–5h per sample. Developing a reliable, accurate relation-
ship between the two properties could help us to extrapolate
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Fig. 2. Density proﬁle for the ﬁrn at Summit, Greenland.
our permeability measurements on ﬁrn cores from other sites
to provide information about diffusion processes at these
sites. We will revisit the development of such a relationship
after determining how these measurements compare to pre-
vious published literature on gas transport in ﬁrn.
3.2 Comparison to modeled diffusivity from ﬁrn air
campaigns
Our direct diffusivity measurements are compared to two
CO2 diffusivityproﬁlesthatweredeterminedbyﬁrnairmod-
elingfromSummit,Greenland,developedbyC.Buizert(per-
sonal communication, 2013) and M. Battle (personal com-
munication, 2012). To facilitate this comparison, our labora-
tory measurements of diffusivity are normalized by dividing
by the free-air diffusivity of SF6 at experimental tempera-
ture and pressure conditions, and the CO2 diffusivity proﬁles
are normalized by the free-air diffusivity of CO2 at Sum-
mit temperature and pressure conditions. With T =−31.4 ◦C
and P =665hPa (Schwander et al., 1993; Witrant et al.,
2012), the free-air gas diffusivity of CO2 at Summit is
DCO2,air =0.18cm2 s−1 (Matsunaga et al., 1998). In Fig. 3
we show the comparison of measured and modeled diffu-
sivity as the ratio of diffusivity in ﬁrn (Df) to the diffusiv-
ity in free air (Da). Our results conﬁrm what was shown to
be true for ﬁrn studies in Antarctica and France by Fabre
et al. (2000); modeled parameterizations of diffusivity re-
sult in much higher values than what is measured on dis-
crete ﬁrn samples in the laboratory. Due to the difference
in scale, the laboratory measurements are reﬂecting effec-
tive molecular diffusivity through ﬁrn due to ﬁrn structure,
while parameterizations in ﬁrn air models also incorporate
the possibility of larger-scale transport processes and spatial
heterogeneity in ﬁrn structure (Buizert et al., 2012; Fabre et
al., 2000). However, it is of note that there are regions of
the ﬁrn column where the models disagree with one another
Fig. 3. Comparison of measured diffusivity to diffusivity modeled
from ﬁrn air measurements at Summit, Greenland. Error bars show
13% error, estimated from repeat measurements on a single sample.
to the same degree that our laboratory measurements dis-
agree with the models. The laboratory measurements of the
effective inert gas molecular diffusivity serve as a deﬁnitive
lower bound for the rate of diffusion, and the discrepancies
between the molecular diffusivities and the modeled param-
eterizations warrant future investigations. The effective inert
gas molecular diffusivities are a useful tool in characterizing
the physical mechanics of gas transport, particularly when
microscale physics are concerned. Future investigations will
examine larger-scale phenomena that represent different as-
pects of gas transport in deep ﬁrn.
3.3 Comparison to 3-D microscale modeling of
permeability and diffusivity
Numerical investigations of gas diffusivity and permeabil-
ity based on lattice-Boltzmann modeling have been pub-
lished; Freitag et al. (2002) used three-dimensional recon-
structionsofﬁrnfromtheNorthGreenlandTraverse(approx-
imately 450km northwest of Summit) as inputs for modeling
to calculate gas diffusivity and permeability. The reconstruc-
tions were developed from samples that were approximately
3cm×4cm×4cm and ranged in porosity from approxi-
mately 0.04 to 0.5. Three-dimensional models were created
byusingamicrotometoremoveonelayeratatimeandimag-
ing between each cut. Their modeling results showed that
permeability was related to open porosity (φo) by a power
law with exponent 3.4, and diffusivity was related to open
porosity by a power law with exponent 2.1 as follows:
k = 10−7.7m2φ3.4
o
Df
Da
= φ2.1
o . (4)
A comparison between these results and our measurements
can be seen in Fig. 4. To provide consistency with the Freitag
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Fig. 4. Logarithmic scale of measured permeability and normal-
ized diffusivity plotted against porosity, showing the permeabil-
ity and diffusivity formulas developed by Freitag et al. (2002) us-
ing lattice-Boltzmann modeling, and our parameterizations based
solely on measurements: for permeability, k = 10−7.29m2φ3.71
o
and R2 =0.66, and for diffusivity, Df /Da =φm with m=1.5.
R2 =0.852.
results, we use the Schwander (1989) closed porosity param-
eterization here to plot our measurements vs. open porosity
as opposed to our measured total porosity. This only changes
the results for samples that have a total porosity below 0.2.
If the comparison were left with our measured results plot-
ted against total porosity instead of open porosity, the Fre-
itag relationship would obviously over predict the permeabil-
ity for a given porosity because not all of the total porosity
is available for transport. However, there is signiﬁcant natu-
ral variability in the permeability and diffusivity measure-
ments values such that the effects of plotting the data vs.
open or total porosity is difﬁcult to notice. Considering dif-
ferences in site location and sample size, the permeability
results follow similar trends for low open porosities, but at
high porosities the Freitag et al. (2002) relationship underes-
timatesmeasuredpermeability.Thegasdiffusivityresultsare
consistently underestimated by the Freitag relationship. Pre-
dictions of permeability and diffusivity based on the lattice-
Boltzmann modeling from microstructure are not generally
applicable relationships. This may be due to difference in
sample size or site differences that cannot be fully explained
by open porosity.
3.4 Parameterizations of measured diffusivity and
permeability based on open porosity
Our measured values of diffusivity and permeability allow us
to create parameterizations based on porosity. Because the
full permeability proﬁle includes samples of the entire ﬁrn
column and contains many samples with a signiﬁcant closed
porosity, the Schwander parameterization (Eq. 1) is used to
estimate open porosity from our measured total porosity in
this case. Using the same power law form employed in Fre-
itag et al. (2002), a permeability parameterization based on a
least squares method was found:
k = 10−7.29m2φ3.71
o . (5)
Acomparisonbetweenthisparameterizationandthedatacan
be seen in Fig. 4. While the parameterization has an R2 value
of 0.66, it is clear that there is a signiﬁcant amount of scat-
ter in the data at high porosities, which reveals that open
porosity is a poor indicator of permeability in that range.
If our measured total porosity were used directly to gener-
ate a similar parameterization, the best-ﬁt equation would be
k = 10−7.53m2φ2.74, but the ﬁt is poor (R2 value of 0.51). In
particular, it overpredicts permeability for most of the range
of porosities considered in order to artiﬁcially ﬁt points at
low porosity. It also suffers the same ﬂaw as any parame-
terization based solely on porosity; there is much more nat-
ural variability in ﬁrn structure than the porosity alone can
describe. There is signiﬁcant focus in the ﬁrn community
on density and densiﬁcation processes, which in turn yields
porosity values, but our direct measurements show that, even
if density is expressly known, it cannot capture the variability
in permeability. In near-surface ﬁrn where convection takes
place, permeability is a critical component of determining
rates of gas transport. However, this is where parameteriza-
tions based on porosityare least effectivebecause ofthe large
spread in permeability for a given porosity. Implementing di-
rect measurements of permeability (along with pressure gra-
dients) in physically based models of gas transport should
improve the representation of convection in an area where
the parameterizations are not as reliable (e.g., as suggested
in Witrant et al., 2013).
The Freitag et al. (2002) relationship for normalized diffu-
sivity is a form of Archie’s law, which is often cited in porous
media literature to relate porosity to both ﬂuid transport and
electrical conductivity (Garboczi, 1990). The general form is
φm, where m is experimentally determined for each material
and is typically a value between 1 and 2. From our diffusivity
results, the average m value for Summit ﬁrn is 1.50. Figure 4
shows this Archie’s law approximation with our measured
results. This approximation ﬁts the data with an R2 value of
0.852.
3.5 Comparison to idealized porous media
In the study of generalized porous media, previous rela-
tionships including other microstructural properties beyond
porosity have been developed to relate diffusivity and per-
meability. Two particularly well-known relationships are the
KC and the KT theories. The Kozeny–Carman approxima-
tion is derived by assuming a collection of cylindrical tubes,
and solving for the ﬂow through them. The solution is gen-
eralized by multiplying by a coefﬁcient to be determined ex-
perimentally. It has proven particularly useful in the study
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Fig. 5. Measured permeability of Summit, Greenland ﬁrn sam-
ples compared to Kozeny–Carman and Katz–Thompson approxi-
mations.
of powders (Garboczi, 1990; Schwartz et al., 1993). The
formula is as follows:
k =

Vp
S
2
2F
≈
1
2

1
SSA
2
Df
Da

, (6)
where F is the formation factor, which is equal to the inverse
of the normalized diffusivity, Df/Da (Schwartz et al., 1993).
The Katz–Thompson approximation is developed from per-
colation theory and requires a critical pore diameter and a
measure of the sample conductivity of the pore space, which
is then linked to the formation factor (Garboczi, 1990). The
Katz–Thompson approximation is as follows:
k =
cdc
F
≈ cdeq
Df
Da
, (7)
where dc is the critical pore diameter and c is a calculated
(not experimentally determined) constant with a value of
1/226 (Katz and Thompson, 1986). The critical pore diame-
ter is a measurement of the narrowest part of the set of pores
that are connected through the whole sample; the maximum
diameter at that point is the critical pore diameter. Critical
pore diameter is typically determined by mercury intrusion
experiments (Garboczi, 1990); in this study, due to the lack
of a parameter equivalent to the critical pore diameter, we ap-
proximate it using an average equivalent circle pore diameter
determined through microCT scanning. Using this approxi-
mation, the Katz–Thompson theory provides an upper bound
on permeability because the critical pore diameter is smaller
than the average pore diameter. Figure 5 shows the measured
permeability as compared to these two different approxima-
tions.
Though the general shape of the measured permeability
curve is reﬂected in the approximations, there are large devi-
ations (up to an order or magnitude) between the two across
Table 1. Summary statistics of the percentage errors of the Katz–
Thompson and Kozeny–Carman approximations.
Fine-grained ﬁrn Coarse-grained ﬁrn
Mean Standard Mean Standard
deviation deviation
Katz–Thompson 44.95 61.48 −10.91 53.27
approximation
percent error
Kozeny–Carman 126.37 82.84 57.49 152.60
approximation
percent error
the whole range of porosities investigated. These deviations
are evident in the plot of percent error between measured and
approximated permeability, shown in Fig. 6. It is of note that
the errors of the approximations differ for the coarse- and
ﬁne-grained ﬁrn samples. In both the KT and KC approxi-
mations, permeability is more frequently underestimated for
coarse-grained samples and overestimated for ﬁne-grained
samples (see Fig. 6). There is very clearly one sample whose
permeability is grossly overestimated by the KT and KC the-
ories. This sample has nearly the lowest measurable perme-
ability, and it is clear that the approximations are not able
to capture this. The error of the Archie’s law approximation
does not show this same trend; the sign of the error is in-
dependent of the grain size. The means and standard devia-
tions of the KC and KT approximation errors are shown in
Table 1, with the lowest measurable permeability sample ex-
cluded from the set.
The relationships derived from idealized porous media
should not be directly applied to ﬁrn, as there are clear differ-
ences between the measurements and the approximated val-
ues. This indicates that ﬁrn structure has complexities which
cannot be described through idealized porous media.
3.6 Microstructural characteristics of ﬁrn as relevant to
gas transport
To determine the cause of the difference in coarse- and ﬁne-
grained particles as seen in the KT and KC approximations,
we turn to the microstructural properties under investigation.
Figure 7 shows speciﬁc surface area and deq as a function
of total porosity. Both of the parameters used in the KT and
KC approximations show different trends for coarse and ﬁne
particles. For deq, ﬁne-grained ﬁrn shows a steeper slope
as a function of porosity than does the coarse-grained ﬁrn.
The opposite is true for speciﬁc surface area; the SSA of
coarse-grained ﬁrn is more sensitive to porosity than ﬁne-
grained ﬁrn. Differences between ﬁne- and coarse-grained
ﬁrn are also evident in the relationship between diffusivity
and permeability. Figure 8 shows measured permeability as
a function of normalized diffusivity. A best-ﬁt parameteriza-
tionwascreatedtodeﬁnetherelationshipbetweendiffusivity
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Fig. 6. (a) Percent error between approximated and measured per-
meability for the Katz–Thompson and Kozeny–Carman approxima-
tions. (b) Same as (a) with the outlier point (as described in text)
removed.
and permeability and the result is as follows:
k = 10−6.973m2

Df
Da
2.79
. (8)
The ﬁt has an R2 value of 0.745. This ﬁgure also reveals
that coarse-grained ﬁrn tends to have a higher permeability
for a given diffusivity than does ﬁne-grained ﬁrn. This may
explain why the Katz–Thompson and Kozeny–Carman re-
lationships were underpredicting the permeability of coarse-
grained ﬁrn. It appears that the relationship between diffusiv-
ity and permeability is sensitive to the grain size of the ﬁrn
sample. Lomonaco et al. (2011) conducted an analysis of ﬁrn
microstructureonﬁne-grainedﬁrnsamplesfrommanylayers
through the ﬁrn column; the ﬁne-grained layers studied had
originated from winter snow accumulation. In future studies,
we will address seasonal differences in permeability, diffu-
sivity, and microstructure and the evolution of layering in the
ﬁrn column.
Fig. 7. (a) Speciﬁc surface area vs. total porosity; (b) Average
equivalent circular diameter vs. total porosity.
4 Conclusions
We have presented the ﬁrst co-located measurements of
diffusivity, permeability, and microstructure on samples
throughout the ﬁrn column. Our measurements show that
density (and porosity derived from density measurements)
fails to capture the proﬁle of diffusivity and permeability,
particularly in the near-surface ﬁrn. Thus, even a model that
could perfectly predict a density proﬁle would be insufﬁ-
cient to fully describe interstitial gas transport. The mea-
sured gas diffusivity proﬁle presented here places a deﬁnitive
lower bound for gas transport in ﬁrn. Comparisons with two
inferred gas diffusivity proﬁles resulting from modeling of
ﬁrn air show clear differences that are likely due to spatial
variations in physical properties and larger-scale transport
phenomena; future work will further investigate these differ-
ences.
Comparison of these measurements to Freitag et al. (2002)
parameterizations based on lattice-Boltzmann modeling re-
vealed that the equations match our measured permeability
values fairly well except at high porosities, where measured
permeability values exceed the Freitag parameterization.
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Fig. 8. Measured permeability vs. measured normalized diffusiv-
ity. A best-ﬁt relationship between the two parameters is shown as
follows: k = 10−6.973m2

Df
Da
2.79
.
Diffusivity is underestimated across the whole range of
porositiesbytheFreitagparameterization.Theanomaliesbe-
tween our measured values and these parameterizations are
potentially due to differences in ﬁrn site characteristics, as
the Freitag site is approximately 450km northwest of Sum-
mit. This further indicates that open porosity is not enough
to create a general characterization of diffusivity and perme-
ability, as the relationships are likely site-speciﬁc. We pre-
sentedsimilarbest-ﬁtparameterizationsbasedsolelyonopen
porosity and our measured diffusivity and permeability pro-
ﬁles to document the relationship from this core for Summit
ﬁrn; however, these types of relationships will systematically
fail to capture the high variability of permeability and dif-
fusivity at high porosities in near-surface ﬁrn, particularly at
porosity values about 0.5. As a result, representations of gas
transportinﬁrnwouldbewellservedtousemeasuredperme-
ability or diffusivity instead of parameterizations at porosi-
ties above 0.5 when possible. Our unique set of measure-
ments has also allowed us to compare gas transport in ﬁrn
to other porous media. The Katz–Thompson and Kozeny–
Carman approximations show the general trend of the rela-
tionship between diffusivity and permeability, but they do
not accurately predict individual permeability values. In par-
ticular, there are clear differences between ﬁne- and coarse-
grained ﬁrn which are not captured by the Katz–Thompson
and Kozeny–Carman approximations. The relationship be-
tween diffusivity and permeability is clearly nonlinear, and
a power law relationship derived exclusively from labora-
tory measurements is presented (Eq. 8). With an R2 value
of 0.745, the variability of the two parameters is captured,
and it warrants investigation to determine if such a parame-
terization would be applicable to other polar sites and which
climactic variables might affect this relationship.
Though this ﬁrn core was extracted prior to the recent
widespread Greenland melt event in 2012 (Nghiem et al.,
2012), it is clear that climactic conditions at Summit are
changing rapidly, and melt events may become more likely
(McGrath et al., 2013). Rapid warming and more frequent
ice layers will certainly change the structure of the ﬁrn, and
the effects of these changes on gas transport properties will
be the subject of future investigations.
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